electricity market simulations. They found that the total cost of electricity could be reduced by up to US$ 6.55 billion per year by interconnecting wind farms in China and solar PV installations in Australia.
power plants for balancing renewable energy. In their study they compared the number of necessary conventional power plants for balancing power in the case there are interconnecting lines between regions and in the case there are not. Their results for both the European and a potential Global Grid showed that by building a sufficient number of interconnecting lines, the need for dispatchable conventional power plants could be reduced by half to one eighth of the present level.
All these studies conclude that the benefit from interconnections is much more significant in the presence of a high proportion of wind in the renewable mix. On the other hand, if the renewable mix is mostly based on PV solar power, storage plays a significant role as this can provide the missing energy during the night.
In an electricity system supplied by renewable sources, storage is equally as important as a strong transmission grid and should be considered either as an alternative -when the majority of the renewable sources are small-scale plants such as rooftop solar PVs -or as a complement to long interconnections, especially when most of the renewable supply comes from remote wind farms and solar parks. Transmission grid studies already incorporate storage options in their projections for the future (e.g. Deutsche Energie-Agentur (dena), 2010). Bulk storage will be necessary for absorbing non-transmissible power and relieving congestion. Besides pump-hydro power plants, which are currently the most widespread type of bulk energy storage, new technologies, such as compressed-air, hydrogen, flywheel farms, or batteries 6 can also be used in the future as bulk storage systems.
An additional factor, however, that needs to be taken into account when considering bulk storage is the necessity for grid reinforcements. An investigation of the integration of additional RES (Deutsche Energie-Agentur (dena), 2010) showed that even if there were storage able to absorb 100 per cent of the excess power, 65 per cent of the proposed grid reinforcements would still be necessary. In this respect, it should also be noted that comparing the bulk storage efficiency with transmission losses, a 6,000 km long high-voltage, direct current (HVDC) line has a greater efficiency presently than hydrogen or battery storage (ultra HVDC at 800 kV exhibits 3 per cent losses per 1,000 km in comparison with the 50 per cent efficiency of hydrogen stoage).
C. Long-distance interconnections: towards a global electricity environment
As we have seen in the previous sections, if we envision an electricity system supplied 100 per cent from renewables, it is necessary to build strong transmission grids that extend over large regions.
In our earlier work (Chatzivasileiadis et al. 2013 (Chatzivasileiadis et al. , 2014 we propose the next natural step in introducing the vision of a globally interconnected power network: the Global Grid.
The Global Grid aims at interconnecting the regional supergrids into one global electricity network. High-capacity long transmission lines will interconnect wind farms and solar power plants, supplying load centres with green power over long distances. Besides introducing the concept, in our earlier work (Chatzivasileiadis et al. 2013 (Chatzivasileiadis et al. , 2014 we further highlighted the multiple opportunities it offers, and discussed possible investment mechanisms and operating schemes. Through cost-benefit analyses we showed that long-distance interconnections forming a Global Grid can be technologically feasible and economically competitive.
Recently, support for the concept of a global transmission grid powered by renewables has come from Zhenya Liu, the chief executive officer of the China State Grid Corporation.
The China State Grid Corporation is one of the largest transmission system operators in the world, serving 128 million customers.
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Our analyses were based on real market price data, results from other studies and realistic assumptions. In this section we provide a summary of these results.
I. Stages in creating a global power grid
We identify three main drivers for the creation of a globally interconnected network. First, the need to harvest remote renewable energy resources, either further offshore or in deserts, will lead to continuously expanding regional supergrids. Second, taking advantage of the shift in peak demand periods between continents owing to time-zone differences, remote RES plants located at similar distances from two regions can connect and sell their power always at peak price. Third, the time zone difference between the continents creates opportunities for electricity arbitrage, which can lead to profitable electricity trade. Based on these drivers, the next paragraphs present the three main stages we envision as leading to the development of a Global Grid environment.
II. Harvesting RES from remote locations
In this section we present two examples of harvesting the renewable energy potential from remote locations.
In an earlier publication (Chatzivasileiadis et al., 2013) we describe how tapping the renewable potential in Greenland can be a realistic example of progress towards global interconnections. Greenland was selected as a representative example for three reasons. First, it has a significant wind and hydro potential (Jacobson and Delucchi, 2011; Partl, 1977) .
Second, it is close to Iceland and Hammons et al. (1993) a The wind farm is located in the middle of the Europe-USA path. As a result, it incurs only half of the transmission losses. That means that the same amount of power, e.g. 10 TWh, can be delivered over a shorter distance, resulting in a lower utilisation factor of the transmission path.
Intercontinental electricity trade
Besides selling the wind power produced, 10 TWh of the cable capacity is available for electricity trade between the continents. Our analysis of the electricity trade opportunities is based on real price data for 2012. We obtained the hourly spot prices from the European Power Exchange 9 in Germany and the PJM Interconnection 10 in the USA. Owing to the timezone difference between the two continents, the two electricity markets experience their peak and lowest prices at different times. Our analysis is detailed in Chatzivasileiadis et al. (2014) .
We mainly examine two levels of utilisation: 30 per cent and 50 per cent. Our investigations
show that through the revenues generated from the electricity trade, the route between
Greenland and North America can be amortised within 10-12 years if the line is used 50 per cent of the time, and within 14-17 years if the cable is used for electricity trade only 30 per cent of the time. Translating these results into profits, we find that by conducting trade in electricity for 30 per cent of the time, the net profits 11 will increase by 24-27 per cent compared with what the wind farm can achieve from selling its wind power only to the UK. If electricity trade is carried out for 50 per cent of the time, the profits may increase by up to 42 per cent. Table 2 .1 summarises our results.
In conclusion, it seems that being connected to both continents would be a profitable strategy for the wind farm in Greenland. As detailed in this section, we investigated two possible sources of income that are created by building a transmission route from Europe to the USA over a wind farm in Greenland. The first is always selling the wind power produced at peak prices, either in Europe or in the USA and the second is by trading electricity between the continents. Although, we expect that the transmission route will be used for both options at the same time, we have shown that both options result independently in profitable operation of the wind farm.
IV. Intercontinental interconnections by direct lines
9 European Power Exchange. www.epexspot.com 10 PJM Interconnection LLC, www.pjm.com 11 The investment costs of the additional cable have been deducted from the electricity trade revenues.
In the section, we examine the direct connection of two continents by transmission lines. In an earlier analysis (Chatzivasileiadis et al. 2013) we considered the expected transmission costs per delivered kWh for a direct submarine cable between Europe and the USA. We estimated the cost of a 5,500 km, 3 GW submarine cable to be in the range of 0.0166 euros to 0.0251 euros per kWh delivered. We ascertained that, except for the most expensive RES generators, it would apparently be more economical for the USA to import RES power from Europe than to operate its own fossil-fuel power plants. 12 We then extended our analysis (Chatzivasileiadis et al., 2014) to find out whether the cost for a long submarine cable could be amortised through the revenues arising from the electricity trade between the two continents. Again, we used the hourly spot prices for 2012
provided by PJM in the USA and European Power Exchange (EPEX) in Germany. In our calculations we accounted for the transmission losses incurred by an 8,000 km long corridor connecting the USA with Germany. We estimate that for an 80 per cent utilisation of the cable (i.e. the cable is used only 80 per cent of the time), the amortisation period ranges from 18 to 28 years (Chatzivasileiadis et al., 2014) . In the less favourable case where cable utilisation is 50 per cent, the amortisation period increases to about 23-35 years. Although such amortisation periods might not be very appealing for private investors, these results highlight that from a social welfare point of view, such a cable is beneficial to society.
V. The Global Grid: an illustration
Intercontinental interconnections, such as those discussed above, can lead to a globally interconnected network. Following our discussion on the economic feasibility of such interconnections, Figure 2 .1 illustrates a possible Global Grid. We envision that the power supply of the Global Grid will depend on RES. Large renewable potential exists in remote locations, such as in deserts and offshore. Long HVDC lines will constitute the main corridors in a Global Grid environment, transmitting bulk quantities of power over long distances.
HVDC lines are superior to AC technologies for long-distance transmission, as they exhibit lower losses, provide active and reactive power support, and can connect non-synchronous grids. More details on power generation and transmission through the Global Grid are published in Chatzivasileiadis et al. (2013) . 12 The result is based on electricity generation from conventional sources estimated by Delucchi and Jacobson (2011) 
D. Merchant transmission investment
In the previous sections we discussed the need for substantial reinforcements of transmission lines to decrease the need for balancing power, while also presenting results for the economic feasibility of new lines connecting different markets over long distances, e.g. Europe with the USA. Before moving on to the different market operation structures for electricity trade, we discuss the investment schemes for transmission infrastructure as their profits can depend on these market structures. Besides regulated investment, which is the most common type of transmission investment, here we focus on merchant transmission investment (MTI). MTI profits derive mainly from electricity trading and therefore the line's profitability is dependent on the market operation structure of the points the line connects. A comparison of transmission investment schemes (Chatzivasileiadis, 2012) concluded that different transmission investment models successfully tackle different inefficiencies but also have their own shortcomings. The literature concludes that developing good regulatory mechanisms that will also provide opportunities for merchant investors to develop projects seems to be a good approach, but at the same time poses a significant research challenge (Brunekreeft, 2004; Joskow and Tirole, 2005 can flow along two different paths, the corresponding line owners could compete over which path the energy follows.
E. Cross-border electricity trade: state of play
Cross-border electricity trading depends to a certain extent on the market structure of the individual regions that are connected with inter-tie lines. In this section we provide a summary of the most common electricity market operating schemes, which can be implemented on a regional basis. We then describe the cross-border capacity allocation mechanisms that lead to the coupling of the regional markets.
I. Bilateral trading
Bilateral trading takes place in most electricity markets, e.g. in the US and Europe. Under this scheme a seller and a buyer agree on the exchange of a certain amount of energy for a certain amount of time at a certain price. Bilateral contracts can be hourly, weekly, monthly or longer term, or they can be for peak or off-peak periods during a day. The advantage of bilateral trading is that it does not need a central market authority. Currently, in California, there are also proposals to abolish the day-ahead energy market, keeping only the 15-minute real-time unit commitment and the 5-minute real-time balancing market (economic dispatch), and allowing day-ahead transactions to be carried out through bilateral trading.
II. Power exchange
In a power exchange market structure, sellers and buyers participate in bidding over price and the quantity they can offer (or that they need, in the case of buyers). The market operator clears the market ensuring that the demand can be covered by the supply, dispatching the generators with the lowest bids. Although a power-pool market structure provides for the participation of electricity consumers, market regulations usually allow only large consumers to bid in the market. Small consumers usually pay a pre-agreed price and might be aggregated to one zone. These zones are mostly defined a priori as the concept focuses on certain flowgates, which may be subject to congestion. An example is the Norwegian system, where the system operator splits the national transmission system into two zones (north and south) in the event of congestion. If the demand for transmission services does not exceed system capabilities, different network zones are not established, and thus there is only one clearing price for the whole network. The European electricity grid also has a zonal pricing market structure.
V. Ancillary services/reactive power markets
Besides energy markets, there also exist ancillary services markets. Regulating energy, spinning and non-spinning reserves are traded in day-ahead and real-time markets in both the European and US electricity markets. Switzerland and Austria serve as an example of a coupled ancillary services market as each region is eligible to bid for ancillary services from the neighbouring region.
Switzerland also operates a reactive power market, allowing hydro generators in the distribution grid to offer reactive power and receive compensation for these services in order to keep the voltage level at certain buses in the transmission grid within secure limits (Zerva and Geidl, 2014).
VI. Cross-border transmission capacity allocation mechanisms
Special transmission capacity allocation mechanisms have been developed to couple neighbouring markets and reserve transmission capacity in the inter-ties -also known as cross-border lines. In Sections VII and IX we distinguish between two main capacity allocation mechanisms.
VII. Explicit auctions
In explicit transmission capacity auctions, bids are accepted to reserve transmission capacity on the inter-ties. To make use of this capacity, however, the bidder also needs to bid in an energy market, e.g. a power exchange. Thus, the electricity trade following this scheme requires two steps: first reserving the necessary transmission capacity in the interface to transmit power, and second, participating in an energy market to buy or sell the necessary amount of energy.
IX. Implicit auctions: flow-based allocation
The flow-based allocation mechanism is currently in use in central Europe (e.g. CWE: Central West European Region). This method couples the electricity trade with the physical flows resulting from it. A centralised auction office for the whole flow-based allocation (FBA) region is established, which maintains a simplified model of the power system under its responsibility. All interested parties submit bids to this office. FBA has several advantages, as it takes into account the loopflows induced from the trade (in the uncontrollable alternating current (AC) lines), allows for inter-regional trade, allocates energy contracts and transmission capacity at the same time, and supports the integration of regional power markets towards a single market. More information on how flow-based allocation avoids loopflows is provided in Chatzivasileiadis (2012) and the references therein.
In the European context, each zone is usually a single country or a TSO control area.
For the cross-border flow-based allocation method no detailed modelling of the network inside each zone is necessary. However, TSOs derive power transfer distribution factors in order to represent the network on the interfaces, i.e. the inter-zonal interconnections. This information is then maintained by the central auction office.
X. Regions with no electricity markets, or with electricity markets under development
Not all world regions have developed electricity markets. Arab states belonging to the Gulf Cooperation Council 17 (GCC) plan to form a common wholesale market. The GCC Interconnection Authority will act as a gateway towards achieving a regional and pan-Arab power pool, becoming a broker between regional and international utilities and regulators (AlAsaad, 2009 ). Similarly, regions in the USA, such as the US Pacific Northwest regionwhich is under the responsibility of Bonneville Power Authority -have no organised market.
F. Challenges in cross-border electricity trade
As we have seen in previous sections, transmission reinforcements will be necessary to smooth out the variability in the supply of renewables and in electricity demand. In our analysis, we also showed that interconnecting regions over longer distances can be technically feasible and an economically competitive options. At the same time, interconnecting different regions requires the coupling of the respective electricity markets to facilitate electricity trade and power exchange.
Several challenges arise from coupling regional electricity markets. We distinguish below between the political and regulatory challenges, and the challenges pertaining to the different market structures and investment schemes. The technical challenges are discussed in Chatzivasileiadis et al. (2013) .
I. Political and regulatory challenges
By extending the markets over wider regions, load centres are expected to become increasingly dependent on imported energy. This raises at least two questions. The first concerns the security of supply. What is the impact of importing energy, for instance, from
Russia or the African deserts? Desertec, which proposed to build concentrated solar power plants in the Sahara region and transport cheap renewable energy to Europe, showed that Europe could gain significant economic benefit from such an investment. However, following the unrest in the Arab countries, the concept has lost support. This problem is similar to those facing other energy carriers, such as oil or gas. The difference with electricity is, however, that it cannot be stored. 18 This has both benefits and drawbacks. On the one hand, the importing country cannot be energy-independent unless it invests in its own generation capacity or in different interconnection paths in order to diversify the pool of its energy suppliers. On the other hand, from the viewpoint of the exporting country, renewable energy that cannot be stored will be lost, resulting in substantial economic loss. A regulating mechanism needs to be found that will share the risks of an energy 'embargo' between an exporting and an importing country.
A further challenge relates to the cost of imported electricity. Assuming that different countries follow different policies with respect to environmental taxes, e.g. the carbon tax, the cost of energy will differ. To illustrate this challenge let us assume that cross-border electricity trade takes place between Russia and the EU countries. We further assume that the EU has imposed taxes on all conventional generation, so that production from renewable technologies in Europe is cheaper than gas, nuclear, and coal generation. On the other hand, we assume that Russia has low-cost gas-fired power plants, and does not impose any environmental taxes on CO 2 or other emissions. In such a case importing electricity from Russia may be cheaper than producing electricity from renewables in power plants in Europe.
Several questions arise. Will this imported energy count towards meeting the environmental targets the EU has set? Should there be an import tax, similar to the tolls that are imposed for On the other hand, this trend is not currently observed for solar PV panels owing to economies of scale and significant technological advances. As long as the trend that Dinica suggests holds for both wind and solar PV in the future, we expect that local generation will act as a complement rather than as a complete alternative to bulk renewable generation. Both will be necessary so that small 19 At the moment the cost of battery storage is significant for large energy capacities. Given that solar irradiation in central Europe is about three times higher during the six sunniest months (April-September) than in the six least sunny ones (October-March), the necessary battery capacity for seasonal storage and the associated cost is very high. This will, therefore, be the main reason at present for deciding against disconnecting the microgrids; however technological (or regulatory) developments might change this in the future.
residential and large industrial and commercial loads can be equally supplied with 'green' energy.
Last but not least, the need for coordination of activities between the regional regulators and a common coordinating body will be necessary. 
II. Challenges in market operation
Considering cross-border flows and market structures, the first question is whether we need a more centralised or decentralised market operation scheme. Europe seems to be moving to a more centralised structure with flow-based allocation mechanisms. California, by contrast, has recently discussed maintaining only bilateral trading for day-ahead trading in the future.
Taking into account that an HVDC overlay grid connecting different market regions may exist in the future, if we opt for more centralised coordination of the electricity trade various options are available. One possible option is a hierarchical market model, equivalent to the schemes currently proposed for a flow-based allocation mechanism. In this case we distinguish the DC grid from the underlying regional AC networks. An interregional market can be formed in which each regional market participates as an individual player. 22 Here, considerations should be made in a fair and transparent way so that the HVDC flows can be calculated. The advantage of such a scheme is that the structure of each regional market probably does not need to be significantly modified.
Another alternative is a more 'horizontal' operation of the interregional market. For this option, two possibilities should be distinguished. First, an operation similar to the current power exchanges could be envisioned. The second possibility is more complex, where the interregional market operator, taking into account the whole grid and local grid constraints, 20 www.nerc.com 21 www.acer.europa.eu 22 Individual players need not have the size of regional markets. They can also comprise a certain group of entities (above a certain MW level of production or consumption) that belong to the same energy market.
clears the market and determines the power flows. Here, as in the case of the hierarchical model, a proper mechanism for calculating the flows must be designed. Such a scheme, however, introduces significant complexity and raises questions, such as whether to opt for a nodal pricing scheme or a zonal scheme where several nodes are aggregated to a node. 
G. Discussion and conclusions
Aiming at a fully renewable system, as we shift from fully dispatchable conventional generators to fluctuating RES, it is necessary to rethink how to design, plan and operate the grid. Efficient storage and transmission reinforcements are two of the most important factors required to balance renewable supply and demand and maintain a reliable electricity supply avoiding carbon emissions. Reinforcing transmission interconnections and extending the grid over larger regions reduces the necessary balancing power, especially for wind generators, that should otherwise be provided from conventional generators. At the same time, grid expansion allows the harvesting of renewable potential abundant in remote locations, such as off-shore or in deserts. As larger regions become interconnected, mechanisms for transparent and efficient cross-border energy trading should be put in place to facilitate the power exchange between regions.
In this chapter, we first summarise our previous work on the feasibility of longdistance interconnections from an economic perspective. We envision that such interconnections can form the basis of a Global Grid (Chatzivasileiadis et al., 2013 (Chatzivasileiadis et al., , 2014 .
We show that connecting Europe with the USA over a wind farm in Greenland can be profitable in two ways: first, by always selling the wind power at peak prices, half of the time to Europe and half of the time to the USA, and, second, through electricity trade between the regions. We find that the wind farm profits could increase by 7-12 per cent in the first case and by up to 42 per cent in the second case. We further investigate direct interconnections between Europe and the USA through submarine cables. Our analysis is based on real price data from Germany and PJM in the USA. We find that the amortisation period for such a cable would lie between eighteen and thirty-five years, assuming 50-80 per cent utilisation of the cable.
Next, we focus on the challenges emerging from cross-border electricity trade when interconnecting larger regions. To facilitate this, first we provide a short discussion on investment schemes for new transmission lines, focusing on the Merchant Transmission Investment model. This is a scheme that can apply well to the installation of new HVDC lines, and which is dependent on the market structure of the regions the line connects.
Subsequently, we focus on the main market operating schemes for electricity trade in different regions as well as the market coupling schemes and the transmission capacity allocation mechanisms for cross-border lines. We summarise the explicit capacity allocation and flowbased allocation scheme.
We then elaborate on the numerous challenges that emerge from long-distance interconnections and the coupling of several regional markets. We distinguish between political and market operation challenges. We discuss regulatory matters, such as the cost of imported electricity if the exporting and importing regions follow different policies with respect to environmental taxes. We further mention challenges pertaining to the market operation in the presence of an HVDC overlay grid and the coupling of nodal and zonal markets, as well as the regulatory and operational framework of an MTI coupling different markets.
In conclusion, we note that coupling several regional markets with the long-term vision of creating a global electricity market environment presents several challenges.
Identifying these challenges and working on solutions is the first step towards the creation of larger electricity markets leading to increased competition, lower electricity prices and potentially greater security of supply.
